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Respiration, a fundamental process in mammalian cells, requires two genomes, those of the nucleus and the
mitochondrion (mtDNA). Mutations of mtDNA are being increasingly recognized in disease and may play an
important role in the ageing process. Accepting the vital role of mtDNA gene products, our limited knowledge
concerning the details of mitochondrial gene expression is surprising. This is, in part, due to our inability to
transfect mitochondria and to manipulate their genome. There have been claims of successful DNA import
into isolated organelles, but most reports lacked evidence of expression and no method has furthered our
understanding of gene expression. Here, we report that mammalian mitochondria possess a natural compe-
tence for DNA import. Using five functional assays, we show imported DNA can act as templates for DNA
synthesis or promoter-driven transcription, with the resultant polycistronic RNA being processed (50 and
30) and excised mt-tRNA matured. Exploiting this natural competence will allow us to explore mitochondrial
gene expression in organello and provides the potential for mitochondrial transfection in vivo.
INTRODUCTION
The mammalian mitochondrial genome (mtDNA) encodes 13
polypeptides, all of which are believed to be essential for
coupling respiration to ATP synthesis, the process of oxidative
phosphorylation. In addition, the genome encodes 22 mt-
tRNAs and two mt-rRNAs, which function in intramitochon-
drial translation. The entire 16.569 bp of human mtDNA
was the first full mammalian genome to be sequenced (1),
revealing a remarkable economy and a region of around
1.1 kb that did not contain any genes. Our knowledge of the
exact molecular features of mtDNA gene expression in vivo
is, however, far from complete. In vitro transcription assays
identified elements in this non-coding region (NCR) that
could act as promoters for the synthesis of polycistronic
RNA units from both heavy (H-) and light (L-) strands (2,3),
now referred to as MT-HSP1 and -LSP, respectively (4), and
RNA mapping studies were consistent with a second heavy
strand promoter (HSP2) that led to initiation around the
50-terminus of MT–RNR1 (5). In organelle DNA footprinting
assays of mammalian mtDNA further revealed binding sites
for one of the transcription factors, Tfam, close to these
promoters (6).
Although it is likely that mapping of the promoters in the
NCR are accurate, our current inability to transfect mitochon-
dria with functional reporter constructs has prevented final
confirmation for these cis-acting elements. The lack of such
a method has meant that although there are numerous elements
in mtDNA that are believed to play crucial roles in regulating
mtDNA expression and replication, we have been unable to
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challenge these hypotheses directly. Further, the sequence
dependence of post-transcriptional mechanisms regulating
processing, maturation and RNA stability still remains
unclear (7). Examples are too numerous to list, but perhaps
one area where this limitation is most noticeable is the
current debate concerning mtDNA replication. Two hypo-
theses have been drawn. The first describes an asynchronous
method of replication that requires a unique site for L-strand
replication, proposed to lie within a group of mt-tRNA
genes (8,9). The second, the strand coupled method, does
not need such a unique L-strand origin (10). A robust mito-
chondrial transfection process would help resolve this kind
of issue. Although of enormous benefit to increasing our
basic knowledge of mtDNA maintenance and expression, the
increasingly apparent role of mtDNA mutations in disease
(11) and their association with ageing (12) also make mito-
chondrial transfection a goal of the highest priority.
RNA essential for mtDNA replication and expression is
believed to be imported into mammalian mitochondria (13–
15). Further, by exploiting a cryptic tRNA import mechanism,
nuclear-encoded yeast tRNALys derivatives have been shown
to be imported into human mitochondria and partially suppress
a mitochondrial translation defect in cultured cells (16). The
natural import of DNA into mammalian mitochondria,
however, has never been shown. There have been sporadic
claims of DNA uptake into isolated yeast and mammalian
mitochondria using the protein import pathway or electro-
poration (17,18), but in only one case there has been a claim
of functionality for this DNA (19) and there have been no
further reports of the successful use of this method.
Unlike these rather inconclusive reports, plant mitochondria
can be successfully transfected either by electroporation or by
natural methods (20–22), resulting in template-driven RNA
synthesis. Intriguingly, the import of naked DNA into plant
mitochondria is reminiscent of the process of natural compe-
tence for DNA uptake that has been recognized in bacteria
for almost 80 years (23). Although a complete molecular
mechanism has not been described for any species and its
significance is controversial (24,25), it is well known that a
substantial number of bacteria including varieties of proteo-
bacteria are able to naturally take up naked DNA from the
environment. As mitochondria are believed to have evolved
from a-proteobacteria (26), it is formally possible that they
may have retained a crude type of this DNA import
pathway. Therefore, we set out to investigate whether mam-
malian mitochondria were able to take up DNA by natural
processes.
RESULTS
Mammalian mitochondria possess a natural competence
mechanism
To assess whether DNA can be imported, mitochondria were
isolated from rat liver by differential centrifugation or further
subjected to isopycnic gradient centrifugation, prior to incu-
bation with radiolabelled double-stranded DNA substrate
containing the entire major rat mtDNA NCR flanked by
MT-TF and -TP (FncrP, Fig. 1A). Following an 80 min incu-
bation, DNase-resistant full-length FncrP (0.1–0.2 fmol)
Figure 1. DNA can be imported into human and rat mitochondria. (A)
Schematic representation of the full-length insert used as template for the
production of DNA import substrates used in these studies. The insert is main-
tained in plasmid pgfp-FncrP-luc as described in Materials and Methods. The
entire rat mitochondrial NCR is indicated in bold with flanking circles repre-
senting MT-TF and MT-TP, respectively (tF and tP). The resultant 1060 bp
fragment was used for all import experiments in this figure (FncrP). The
two reporter genes, MT–GFP and MT–LUC, had been altered to compensate
for mitochondrial codon recognition and were cloned such that MT–GFP is
driven by predicted HSP1 and 2 and MT–LUC by LSP. Human MT–TR
(htR) has been incorporated immediately adjacent to MT–GFP and the con-
struct is designed such that any full-length HSP transcript would be completed
with the mitochondrial transcription termination factor binding site, mtf (46).
The htR and mtf sequences are separated by the first 14 bp of the human
MT-ND4L gene (indicated by asterisk). In contrast to MT–GFP, MT–LUC ter-
minates with a sequence-determined 30 bp poly(A) region. Constructs used as
DNA import substrates throughout this study are referred to in lower case
except where including the single letter code for mt-tRNA genes (FncrP,
gfp, Rgfp–FncrP–luc, etc.). (B) Rat mitochondrial import assays. Radio-
labelled FncrP was used as substrate for import assays with either Percoll-
purified (lane 2) or crude mitochondrial preparations, untreated (lanes 4 and
8), solubilized (lane 5) or protease shaved (lane 7) as described in Materials
and Methods. For mitoplast generation (lanes 9–12), intermembrane space
and matrix marker enzymes were assayed after osmotic shock for the indicated
times. Following DNase-treatment, protected nucleic acids from all experi-
ments were extracted, separated through a 1% non-denaturing gel and trans-
ferred to a nylon membrane for exposure. Free probe (4000 c.p.m.) is shown
in lane 1. (C) Human mitochondrial import assays. FncrP was used for
import assays under import conditions identical to (B). Increasing amounts
of mitochondrial protein (lanes 2–4) and detergent lysis (lanes 5 and 6)
were tested. (D) Kinetics of import. Rat mitochondria were incubated with
FncrP and aliquots taken after the time points indicated (lanes 1–8). Mito-
chondria were DNase-treated and protected DNA was analysed as in (B).
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could be readily extracted from equal amounts of crude
(Fig. 1B, lane 2) and Percoll-purified (Fig. 1B, lane 3)
mitochondria. When mitochondria were solubilized, FncrP
was degraded (Fig. 1B, lane 5). Proteinase K treatment prior
to incubation prevented uptake of FncrP (Fig. 1B, lane 7),
consistent with import being mediated by a protein factor(s).
DNA was potentially being protected from degradation
through non-specific interactions with the outer membrane or
by accessing the DNase-impermeable intermembrane space.
To preclude this possibility, mitochondria were subjected to
increasing osmotic shock to disrupt the outer membrane
before DNase treatment (Fig. 1B, lanes 9–12). Even under con-
ditions where over 90% of the intermembrane space marker
adenylate kinase was lost, protected DNA was observed. To
determine whether import was common to mammalian and
especially human organelles, mitochondria were isolated
from human HepG2 cells and similar import experiments
were performed (Fig. 1C). FncrP was again protected
(Fig. 1C, lanes 2–5), unless mitochondria were solubilized
with Triton X-100 (Fig. 1C, lane 6). To assess the kinetics of
import, a time course was performed (Fig. 1D). FncrP was
incubated with rat liver mitochondria and nucleic acids
were extracted after indicated time points. Import starts
very rapidly, but half maximal import was between 15 and
20 min.
To determine whether there was a size dependence of the
import, various constructs were used ranging from 714 (gfp)
to 3644 bp (Rgfp–FncrP–luc). All species were imported
over a pH range of 7.0–7.8 (Fig. 2A). Mitochondria were
also capable of importing single-stranded as well as double-
stranded DNA molecules of varying sequence (Fig. 2B).
Mitochondrial preparations can potentially be contaminated
by bacteria (27). To rule out the possibility that DNA was
being imported by bacteria, isolation buffer (IB) was sup-
plemented with vancomycin (5 mg/ml) and ampicillin
(90 mg/ml), which were retained during import, and aliquots
following incubation were analysed as mentioned earlier or
spread onto LB agar. DNA import was unaffected and no
colonies were visible on plates (data not shown).
Import does not require respiration or a mitochondrial
membrane potential
DNA appears to be imported into intact mitochondria. To
optimize the import assays and to characterize the process,
potential effectors were assessed (Fig. 2C and D). Respiratory
substrates were not necessary for import (Fig. 2C, lane 2 cf.
lane 3), although as a minor increase was always detected,
glutamate and malate were routinely added to the import
medium. Import reactions did not require ATP and were unaf-
fected by the addition of any nucleotides (data not shown).
Consistent inhibition was obtained with the anion channel
blocker DIDS (28,29) (Fig. 2C and D, lanes 5 and 2, respect-
ively). VDAC is the most prominent anion channel in mito-
chondria, and the suggestion that VDAC might be involved
in the transport process is consistent with the mechanism in
plant mitochondria (21). However, unlike the plant system,
the adenine nucleotide translocase inhibitor carboxyatr-
actyloside (CAT) had no effect, excluding the role of the per-
meability transition pore in the import process. The alkylating
reagent N-ethylmaleimide (NEM) also showed no effect on
import (Fig. 2E), implying that the transport mechanism did
not require any vicinal –SH groups. Respiratory poisons
such as KCN (Fig. 2C) or oligomycin (data not shown)
did not inhibit DNA import and addition of the membrane
potential uncoupler FCCP had no effect (Fig. 2E).
Figure 2. Characterization of DNA import. (A) Affect of DNA substrate on
import. Three labelled substrates (0.7–3.6 kb) were assayed for import and
are schematically represented. In each case, repeat import experiments were
performed in incubation buffer at either pH 7.0 or pH 7.8. Following import
and DNase treatment, DNA was extracted and analysed as in Figure 1. (B)
Single-stranded DNA can be imported into mitochondria. Duplex FncrP was
heated and rapidly cooled to generate single-stranded template, which was
used in the standard DNA import experiment. Following DNase treatment
and nucleic acid extraction, protected DNA was analysed as in Figure 1.
(C–E) Affect of various effectors on DNA import. Rat (C and E) or human
(D) mitochondria were pre-incubated for 10 min with a variety of effectors
before programming import with FncrP. Following DNase treatment, DNA
was extracted and analysed as in Figure 1. (C) Import in the presence of
DMSO (0.5% v/v), DIDS (0.5 mM), CAT (10 mM) and cyanide (KCN,
0.5 mM). All import reactions were performed with addition of respiratory sub-
strates glutamate (10 mM) and malate (1 mM), although import is only mildly
lower in their absence (lane 3 cf. lane 4). DMSO is a necessary control, as
DIDS stock solution is prepared in this solvent. (D) Import into human mito-
chondria is also inhibited by DIDS. (E) Import is unaffected by the alkylating
reagent NEM (2 mM) or the uncoupler FCCP (50 mM). A slight increase in
mobility was occasionally seen when comparing free and protected probe.
This was due to minor variability in the purity of nucleic acids following
extraction.
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Imported DNA can associate rapidly with endogenous
mtDNA
A slow migrating DNA species was visible following post-
import analysis (HMW DNA, Fig. 3). This species was
only formed when imported DNA contained homologous
rat mtDNA sequence (see gfp alone, Fig. 2A) and did not
form when mixed with isolated nucleic acids (Fig. 3A,
lane 4). Inspection of ethidium bromide-stained and autora-
diographed gels showed co-migration of HMW DNA with
rat mtDNA isolated during mitochondrial extraction. To
determine whether the imported DNA was integrating into
the genome, nucleic acids were isolated following import
of the radiolabelled DNA (FncrP) and DNA was cleaved
by XbaI. Figure 3B shows the stained DNA following diges-
tion and gel electrophoresis with the same gel exposed to
PhosphorImage analysis (Fig. 3B, lane 2 cf. lane 4). Partially
cleaved full-length mtDNA still remained, but the majority
of the DNA was cut into the two expected fragments of
10.3 and 6 kb. As the entire FncrP homologous sequence is
present in the 6 kb fragment, recombination at the site
would have resulted in radiolabelling of this fragment.
Although a strong signal can be detected, the species
clearly has a slower migration than the 6 kb fragment.
DNA import therefore does not lead to regular homologous
recombination under our assay conditions, but the radio-
labelled product possibly reflects formation of a triplex
structure. The lack of recombination could suggest that con-
ditions in the isolated mitochondria are not optimal or that
recombination is a rare event. Consistent with the former
possibility, we were able to increase the formation of the
HMW species by import under state three respiration
where ATP is being generated within the mitochondrion
(data not shown).
Imported DNA can act as a template for
DNA synthesis
If this natural competence is to be exploited, it is necessary
to show that imported DNA can be expressed. To address
this, we first determined whether the imported DNA could
perform template-driven DNA synthesis. Mitochondria
were resuspended in media that have been optimized for
in organellar nucleic acid synthesis (30). Two unlabelled
DNA species were imported in separate experiments and
reactions supplemented with [a-32P]dCTP. Following incu-
bation, nucleic acids were extracted. To assess the levels
of de novo synthesis, the extracted nucleic acids were hybri-
dized to specific probes immobilized onto membranes. As
shown in Figure 4, MT–RNR2 was generated, but at
levels significantly below products from the NCR (presum-
ably due to 7S DNA synthesis, lanes 1, 3 and 5). Imported
DNA encompassing the reporter genes MT–LUC and MT–
GFP (Rgfp–FncrP–luc) also acted as template for DNA
synthesis (lane 6); however, DNA was also generated
from gfp probe alone (lane 3). Thus, although imported
DNA is clearly able to direct de novo DNA synthesis, we
have yet to determine whether this represents DNA repair,
nick translation, bona fide replication or a mixture of
these processes.
Imported DNA requires promoter elements for
transcription
To determine whether imported DNA could be transcribed,
import was performed under conditions conducive to RNA
synthesis in the presence of [a-32P]UTP and products hybri-
dized as detailed earlier. Transcription required a respiratory
substrate and was partially inhibited by the addition of the
mtRNA polymerase inhibitor rifampicin (data not shown).
Efficient mtDNA-mediated RNA synthesis was clear, with
strong signals representing transcripts from rat MT–RNR1
(Fig. 5A, lanes 1, 3, 5 and 7). MT-RNR genes are believed
to be transcribed from HSP1 and are synthesized at greater
rates than the polycistronic unit containing the downstream
mt-mRNAs (5). Consequently, a probe for rat MT–ND3
(an L-strand-encoded mt-mRNA) was also included on
Figure 3. Imported DNA interacts with mtDNA. Import was programmed
with FncrP and following DNase treatment, protected DNA was assessed as
in Figure 1. (A) A signal of high molecular weight DNA (HMWDNA) co-
migrating with mtDNA is indicated. Radiolabelled DNA was also added to
isolated mitochondrial nucleic acids (lane 4) or immediately prior to hot
phenol extraction and precipitation (data not shown) to show that interaction
is not non-specific. (B) Following extraction, mitochondrial nucleic acids
were Xba1-digested. Rat mtDNA cleaves twice, generating a 10 279 bp frag-
ment and an NCR-containing fragment of 6021 bp. Lanes corresponding to
probe alone (lanes 1 and 3) or following import and Xba1 digestion (lanes 2
and 4) are shown both after ethidium bromide staining (lanes 1 and 2) and
following exposure of the gel (lanes 3 and 4).
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the membranes. Imported DNA substrate was transcribed, but
only when the imported species contained the NCR (Fig. 5A,
lanes 2 and 4 cf. lanes 6 and 8). No transcript was detected
from gfp alone or when imported synchronously with the stan-
dard NCR-containing substrate, FncrP. However, when either
reporter was ligated downstream from potential mtDNA pro-
moters, transcription occurred. A signal corresponding to
both MT–GFP and MT–LUC was produced when these
genes flanked FncrP (Rgfp–FncrP–luc, lane 8). Transcription
of MT–GFP, therefore, was being promoted from a region in
FncrP, most likely from HSP(s), with MT–LUC being driven
by light strand promoter (LSP).
The genetic environments of MT–GFP and MT–LUC differ
in the large 3.6 kb template by two important factors. First,
MT–GFP is transcribed from HSP(s) and secondly, the
MT–GFP partial termination codon abuts onto a tRNA
gene (human MT–TR) similar to most mt-mRNAs but
unlike MT–LUC where the open reading frame is followed
by a poly(A) sequence. To compare the relative signal inten-
sities for each reporter when driven from either HSP(s) or
LSP(s), FncrP was inverted as described in Materials and
Methods. Import and transcription assays were performed
with these two full-length DNA substrates and membranes
were hybridized with extracted nucleic acids (Fig. 5B). An
6.6-fold greater signal was measured for MT–GFP tran-
scripts when compared with MT–LUC, when the former is
driven by HSP(s) and the latter by the LSP (Fig. 5B, lane 2)
after correcting for product size and assuming the reporter
transcripts are complete. When FncrP is inverted, MT–GFP
RNA signal is still 1.6-fold greater than MT–LUC. These
figures are in good agreement with repeat experiments (data
not shown) and confirm that the level of transcript initiated
from HSP(s) is greater than that from LSP. Further, if the
reporter transcripts were equally stable, the ratio of signal
originating from the promoters would be inverted after switch-
ing the FncrP. If this is not the case, 6.6-fold would decrease
to 0.15-fold not to the observed 1.6-fold, showing that the
MT–LUC transcript must be less stable than MT–GFP.
Although uncertain, it is likely that the addition of MT–TR
immediately downstream of MT–GFP might provide the
Figure 4. Imported DNA substrates can direct DNA synthesis. The two
unlabelled DNA substrates used in this experiment were PCR-generated from
the full-length template pRgfp–FncrP–luc and are schematically represented.
DNA substrates were imported independently intomitochondria and further incu-
bated under DNA synthesis conditions as described inMaterials andMethods.De
novo-generated radiolabelled products were visualized by hybridization to DNA
fragments corresponding to 16S rRNA (MT–RNR2), the NCR plus flanking
tRNAs (FncrP) and the two reporters (MT–LUC and MT–GFP). DNA is syn-
thesized by imported DNA substrates, but synthesis can occur independently of
putative replication origins (lane 4 cf. lane 6).
Figure 5. Imported DNA substrates can direct RNA synthesis. Five unlabelled
DNA substrates were used in these experiments, four generated from pRgfp–
FncrP–luc and one from the inverted construct pluc–FncrP–gfpR. These are
represented above the figure. De novo-generated transcripts were visualized by
hybridization to DNA fragments corresponding to 12S rRNA (MT–RNR1),
MT–ND3 and the two reporters as described for Figure 4. (A) Transcription
requires the presence of FncrP. Following import of gfp alone (lane 2) or
when co-imported with FncrP construct (lane 4), no signal can be detected.
When the two are fused, MT–GFP is transcribed from HSP(s) (lane 6).
Further, fusing MT–LUC downstream of an LSP also leads to a measurable
signal (lane 8). Endogenous transcription was determined in each case by
hybridization of rescued nucleic acids to components of the major polycistro-
nic unit (MT–RNR1) and the full-length polycistronic unit (MT–ND3). (B)
Comparison of promoter strength and transcript stability. In these two experi-
ments, MT–GFP was expressed from HSP(s) and MT–LUC from LSP (lane 2)
or the promoters were inverted in relation to the two reporters (lane 4).
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correct environment for efficient processing and maturation,
leading to increased stability.
Polycistronic RNA generated from imported DNA
substrates can be processed and matured
Imported DNA substrates are transcribed, but natural polycis-
tronic units are also processed and matured. In particular, all
mt-tRNAs are matured by the addition of CCA trinucleotide
at their 30-termini (31,32). To determine whether these novel
transcripts could undergo such critical modifications, we
exploited human MT–TR that lies between MT–GFP and
14 bp of its natural downstream sequence (MT-ND4L) in
Rgfp–FncrP–luc (Fig. 6). Human MT–TR has a strong
sequence identity to the rat homologue but differs sufficiently
to allow for species-specific amplification. Circularization of
isolated RNA following import and nucleic acid extraction
should provide a template to generate an amplicon with a
region spanning the ligation break point, giving 22 bp that
are not defined by primers P1 or P2. Four positions are infor-
mative regarding rat or human sequence. Therefore, following
the protocol outlined in Figure 6, it would be possible to deter-
mine whether foreign mt-tRNA molecules are correctly
processed (50 and 30) and whether maturation is possible.
Import was performed with Rgfp–FncrP–luc, RNA syn-
thesized, rescued RNA circularized and RT–PCR amplified
before cloning and sequencing of the resultant amplicon.
The informative sequence of 14 clones is given in Figure 6.
One clone was derived from the endogenous rat MT–TR
gene. Of the 13 human sequences, eight were perfectly
Figure 6. Imported DNA can be transcribed and the transcript processed and matured. The complete 3.6 kb DNA template, Rgfp–FncrP–luc, was imported into
mitochondria and following incubation for RNA synthesis, nucleic acids were extracted as detailed in Materials and Methods. DNA was removed and RNA
circularized by T4 RNA ligase. To determine whether template-driven transcripts could be processed and matured, human MT–TR was analysed. Species-
specific primer P1 was used to direct reverse transcription and used together with primer P2 to amplify across the terminal ligation site. Reverse transcription
of a small circular RNA produces concatamers which when amplified will generate a ladder of products differing in size by 88–94 nt (see lane 2). The large size
of the amplicon is due to additional sequences incorporated from the primers (Table 1). Primer dimers alone were generated without reverse transcription
(lane 1). Products were then gel-purified, cloned and sequenced. Sequences of 14 clones are given at the bottom of the figure with informative regions
boxed and the 30-termini indicating maturation.
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processed and matured, whereas the remaining five showed
correct processing at the 50-termini. Three clones were also
processed accurately at the 30-site, but CCA addition was
incomplete. Two clones showed a single base inaccuracy at
the 30-site, but were also correctly matured. These data
confirm that polycistronic RNA transcribed from imported
DNA can be recognized by the natural mitochondrial proces-
sing and maturation machinery.
Natural competence can be used to map mtDNA
promoter elements
The import of DNA substrates should enable the first direct
identification of promoter elements that can drive the tran-
scription of foreign genes in mitochondria. Previous studies
have used various methods to predict two promoter elements
for the rat NCR: an LSP at position 16211–16173 and an
HSP at 16252–16289 (33). A second promoter element for
the H-strand, HSP2, has been inferred, with its RNA product
initiating around the start of MT–RNR1 (6). Assuming
HSP2 is present, it is therefore likely that it lies between
HSP1 and MT–RNR1. Constructs were made to localize
promoters in the H-strand that could lead to transcription of
MT–GFP. A control synthesis was first performed with
MT–GFP transcription driven from the entire NCR (Rgfp–
FncrP, Fig. 7A, lanes 1 and 2), and a signal comparable to
that of the endogenous MT–ND3 was produced. When
681 bp of the entire 897 bp NCR was removed (Rgfp–Fprs),
MT–GFP was still expressed well, even with slightly elevated
levels (Fig. 7A, lanes 3 and 4 and unpublished results),
showing HSP(s) were retained. When a further 176 bp was
removed (Rgfp–Fprh2), only a very weak signal could be
detected (Fig. 7A, lane 7, long exposure in lane 8), consistent
with loss of the predicted HSP1. Although weak, the signal
clearly represented de novo transcription, unlike from gfp
alone, where no signal could be detected (Fig. 5A, lanes 2
and 4). A low efficiency promoter (HSP2) is therefore
present in the 107 bp upstream of MT–GFP, which encom-
passes MT-TF and 40 bp of the NCR. Finally, to assess the
relative efficiencies of HSPs alone as compared to LSP two
constructs were made, where MT–LUC was transcribed inde-
pendently (Luc–Fprs cf. FncrP–luc, Fig. 7B). Levels of
import were similar (data not shown). To control for synthesis,
signals were related to endogenous MT–ND3 transcription
and showed a 4.6-fold greater level when driven from HSP(s).
DISCUSSION
In this article, we report that isolated mammalian mitochon-
dria can import DNA by a natural competence mechanism
and that this DNA can act as a template for both DNA and
RNA syntheses. Until now, a detailed knowledge of the mech-
anisms that underlie mammalian mtDNA expression has
remained elusive due in major part to the absence of any trans-
fection protocol. One of the main obstacles to this process has
been to deliver a large polyanion such as a nucleic acid across
two membranes and against a membrane potential. Attempts
have been made to overcome this by utilizing either the
protein import machinery or by electroporation (17,18). In
Figure 7.Mapping of rat mtDNA promoters. DNA templates were designed to
identify the promoters in the NCR. All templates used in this experiment are
represented in the schematic above the images and were PCR-generated from
the primer pairs in Table 1. Import and subsequent RNA synthesis were
performed and analysed as detailed in Figure 5. For ease of reference, the
predicted promoters retained in each construct are also listed. To confirm
that import efficiency was similar for all constructs, DNA from aliquots of
mitochondria post-import was analysed by Southern blot (data not shown).
(A) MT–GFP is transcribed from the direction of the predicted HSPs when
the NCR and flanking genes are present upstream (lane 2). Removal of
MT-TP and 76% of the NCR distal to the reporter did not prevent strong tran-
scription (lane 4). Removal of the predicted major promoter HSP1 led to dim-
inution of the signal but not complete loss, consistent with the remaining
107 bp of upstream sequence containing a weak promoter (HSP2, lane 7). A
longer exposure of both lanes 4 and 7 are shown in lanes 5 and 8, respectively.
(B) HSPs alone drive greater levels of synthesis than the LSP. Synthesis of
MT–LUC RNA was compared from the truncated DNA substrate Luc–Fprs
containing both HSPs (lane 2) and LSP from the full-length NCR and flanking
tRNAs (FncrP–Luc, lane 4). A longer exposure of both lanes 2 and 5 are
shown in lanes 3 and 6, respectively.
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the former, a pre-protein was conjugated to a short 24mer
oligonucleotide (single or double-stranded) via a 30-terminal
cysteine. Access to a mitochondrial environment insensitive
to phosphodiesterase required a membrane potential and
could be prevented by pre-shaving the mitochondria with pro-
teases. No function was demonstrable, but follow-up by Seibel
et al. (34) showed that this technique could render a DNA
fragment of up to 322 bp insensitive to added DNase.
Collombet et al. optimized a procedure for electroporation
of mitochondria, with plasmid DNA becoming resistant to
added DNase. As this construct did not include any element
that would be likely to drive DNA or RNA synthesis, the
authors did not measure function of the potentially imported
DNA, although electron microscopy and Southern blot analysis
were consistent withDNAuptake. A similarmethodwas used to
electroporate RNA into rat liver mitochondria (35). Although
RNA became resistant to RNase, no functionality could be
demonstrated. This is clearly not the case with tRNA, as yeast
tRNALys derivatives can functionally complement human MT-
TK mutations when expressed in human cells (16). To date,
we are aware of only one report of electroporated DNA being
functional in isolated mammalian mitochondria (19). Trans-
cription of foreign DNA was also shown when mitochondria
isolated from cells devoid of mtDNA (rho0 cells) were electro-
porated. This is surprising, as the essential transcription factor
Tfam is known to be unstable in the absence of mtDNA and is
likely to be present in vanishingly low quantities (36). We are
unaware of further reports for this method. Unlike mammalian
mitochondria, there is strong supportive data for the successful
transfection of isolated plant mitochondria (20). In addition,
as mentioned earlier, isolated plant mitochondria have been
shown to possess natural competence (21). Intriguingly, this
mechanism shares some characteristics with the mammalian
DNA import process but also differs in important areas.
For example, the plant system is inhibited by CAT and is
unable to import single-stranded DNA. These differences are
currently being explored.
We believe our data clearly demonstrates the natural
competence of mammalian mitochondria, but we have only
begun to dissect the import process. The inhibition by DIDS
suggests that VDAC might be involved in the transport of
DNA across the outer membrane. This is consistent with the
diameter of B-form DNA (2 nm) and the size of the
aqueous pore in VDAC (2.5–3 nm). Further, DNA can be trans-
ferred through reconstituted mammalian VDAC (37). It is more
difficult to explain how such a large polyanion could be trans-
ported through the highly impermeable inner membrane. We
were unable to show competition with any form of nucleotide
or tRNA, or any inhibition with CAT, precluding the facile
role of nucleotide transporters. The lack of inhibition by alkylat-
ing reagents also concurs with import through a pore rather than
a transporter. More than 40 species of bacteria are known to be
naturally competent, with many examples of proteobacteria
taking up DNA from their environment (25,38). Studies have
focused on the complex processes that underlie natural DNA
import. The COM gene family has been implicated in Bacilli,
with COMEC orthologues having been identified in numerous
species as part of the DNA translocase (39). This protein acts
as the aqueous channel that facilitates import, but no obvious
orthologue is present in higher eukaryotes.
The data reported in our article show that isolated mamma-
lian mitochondria can take up naked DNA and that the
imported DNA is functional. Our inability to show that
import is driven by a membrane potential or ATP is surprising
and might suggest that the import process is somehow due to
an artefact of mitochondrial isolation, but it is difficult to
ascertain what artefact could result in such import. One
intriguing implication of natural competence, therefore, is
that mitochondria in vivo might be able to import DNA deliv-
ered to the organelle. Any delivery mechanism must be able to
cross the plasma membrane and then target mitochondria
where the cargo needs to be released. There is an ideal
candidate that satisfies most of these criteria. DQAsomes are
lipophilic cations that can be condensed with DNA, access
the cytosol and localize to mitochondria as a consequence of
their charge (40,41).
Why have mammalian mitochondria retained such a mechan-
ism? Clearly, first there has been an evolutionary migration of
genes from the evolving endosymbiont to the nucleus and
we have not determined whether the transport we see is
unidirectional. A second prospect is that the import mechanism
has become tailored to the transport of other similar molecules
but still retains the capability of DNA import. Third, DNA
import might have been retained as a monitor for cytosolic
DNA invasion. This is a particularly intriguing possibility, as
mitochondria are known to play an important role in apoptosis.
Finally, although surprising, it is interesting to note that an
equally unexpected retention of a tRNA import mechanism
has also been reported in human mitochondria (16).
The aim of our study was to investigate the natural compe-
tence of mammalian mitochondria, to show unequivocally that
imported DNA was functional and to take advantage of this
process for defining the roles of specific mtDNA sequences
in organello. Our report is intended to highlight the potential
of this approach for investigating fundamental questions of
mitochondrial gene expression. Our constructs contain two
modified reporter genes whose transcripts can also be
used to assess in organellar translation. For these first
studies, we have focused on demonstrating that naked DNA
can be imported into isolated mammalian mitochondria and
that the imported DNA is functional. We have defined
functionality of imported DNA as being able to act as
template for nucleic acid synthesis and have limited our
post-transcriptional studies to demonstrating RNA processing
and maturation. For clarity of this first report, we have specifi-
cally excluded any reference to translation of these transcripts.
Indeed, we have yet to determine whether the resultant
transcripts can be translated in organello, although we
intend to explore this possibility in due course.
The work to date has led to several important observations.
First, we have demonstrated RNA synthesis from a foreign
DNA substrate in isolated organelles. Human MT–TR is
faithfully 50-processed from larger polycistronic transcripts
and 30-processing is accurate within two residues. All proces-
sed species examined showed evidence of maturation. The
50-terminus of MT–TR abutted the foreign MT–GFP,
suggesting that accurate processing is consistent with the orig-
inal speculation that folding of the tRNAs acts as punctuation
points in polycistronic RNA units (31). Second, imported
DNA templates appear to transcribe reporter genes at greater
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levels from HSPs than from LSP (4.6-fold, Fig. 7B). This
approximates to the 2–3-fold weaker induction reported from
human LSP (42) and reinforces the suggestion that reconstituted
and in vitro transcription systems lack an important factor(s), as
this differential is lost in these systems (43). Thirdly, a low level
HSP, HSP2, has been localized to within 107 bp upstream from
the start of rat MT–RNR1. S1 mapping and kinetic studies have
previously identified a species initiating from around the start of
MT–RNR1 in various species, and methylation studies have
indicated that a promoter element may lie within MT-TF (6).
Finally, it is known that mt-RNAs can be very rapidly degraded
and post-transcriptional processes can play critical roles in
mitochondrial gene expression. We have shown that MT–LUC
RNA is more unstable than MT–GFP (Fig. 7B). In summary,
natural competence of mammalian mitochondria is a striking
observation. Although we are currently unable to describe the
molecular mechanisms underlying import, the potential for
investigating mitochondrial gene expression processes is clear.
MATERIALS AND METHODS
Isolation of mitochondria
Mitochondria were prepared from the livers of Wistar rats,
200–250 g, dispatched by cervical dislocation and used at
most 4 h postmortem. The liver was transferred directly into
25 ml of ice-cold IB [220 mM mannitol, 70 mM sucrose,
10 mM HEPES–KOH pH 7.4, 1 mM MgCI2, 1 mM EGTA,
1% (w/v) BSA]. All of the following steps were implemented
on ice in a 48C room. The liver was minced and suspended in
30 ml of IB, PMSF (0.33 mM) and homogenized by six strokes
of a Potter–Elvehjem, glass–teflon homogenizer. Following
centrifugation (400g, 4 min), the pellet was discarded and
the supernatant centrifuged at 8600g for 10 min. The mito-
chondrial pellet was carefully resuspended and layered onto
a Percoll gradient for further purification or resuspended in
4.5 ml IB and the differential centrifugation repeated. Mito-
chondria were finally washed and resuspended in IB minus
BSA prior to estimating concentration by Bradford assay.
For Percoll purification, mitochondria were layered onto
3.9 ml 50% (v/v) Percoll/gradient buffer [500 mM sucrose,
20 mM Mops–KOH pH 7.2, 10 mM EGTA, 2% (v/v)
ethanol] with a cushion of 60% (w/v) sucrose and subjected
to 100 000g (rmax) for 30 min. Mitochondrial fraction was
removed and 4 vol of 0.5 gradient buffer added to allow har-
vesting and final suspension. For the isolation of human mito-
chondria, human HepG2 cells (1–2.5  108) were grown to
80% confluency, stripped from flasks, washed in PBS and
resuspended in 0.6 M mannitol, 10 mM Tris–HCl, 1 mM
EGTA, 0.1% (w/v) BSA and 1 mM PMSF before homogeniz-
ation by 15 strokes of a hand-held glass–teflon homogenizer.
Mitochondria were prepared by repeat differential centrifu-
gation as detailed earlier, except the high-speed pass was at
15 000g.
Generation of vectors and templates for mitochondrial
DNA import
A fragment incorporating basepairs 15 330–67 of the rat mito-
chondrial genome (44) was PCR-amplified with primers SpeI
NCR-F and NcoI NCR-R (Table 1) using standard techniques.
This PCR product, containing the entire NCR and the natural
flanking rat MT-TF and -TP, was then cleaved with SpeI and
NcoI and cloned into the pBSSKþ based pcoxIII-Luc plasmid
(45), yielding an intermediate plasmid pBS-Luc. Separately, a
920 bp fragment containing genes encoding mitochondrial
GFP (MT–GFP), human MT-TR/partial ND4L [human
mtDNA basepairs 10 405–10 482 (1)] and a final 36 bp
containing the human mTERF binding site (human mtDNA
basepairs 3227–3262) was amplified from pMag-1 (kindly
provided by P. Seibel, University of Leipzig, Germany) with
primers GFP-NCRL-F and GFP-R (Table 1) and cloned into
the Spe1 site of pBS-Luc. The correct orientation of the
cloned insert was confirmed, with the final plasmid pgfp-
NCR-luc constructed to transcribe MT–GFP from HSP(s)
and MT–LUC from LSP. To generate a second plasmid
where the orientation of NCR and flanking mt-tRNAs were
switched with respect to the two reporter genes, primers
NcoI NCR-F and SpeI NCR-R were used (Table 1). Following
PCR, the amplicon was cut with SpeI/NcoI and ligated into
NcoI/partial SpeI digested pgfp-NCR-Luc to produce vector
pluc-NCR-gfp.
Production of DNA substrates for mitochondrial import
All DNA substrates for import, either radiolabelled or
unlabelled, were PCR generated from the permutation of
primers listed in Table 1, using one of the constructs described
earlier as template. The main probe used for import assays was
the 1060 bp DNA fragment encompassing the rat mtDNA
NCR and flanking genes (FncrP). Amplification was from
10 ng of pgfp-NCR-luc, 0.5 mM primers Spe1 NCR-F/Nco1
NCR-R in a standard 30-cycle PCR reaction. To obtain a
Table 1. Oligodeoxynucleotides used for generating constructs
Oligomer DNA sequence (50 –30)
SpeI NCR-F GACCAAACTAGTGTGTTTATGGGa
NcoI NCR-R ACACACCCATGGACAATCAAGAAGa
SpeI NCR-R GACCAAACTAGTACAATCAAGAAGa
NcoI NCR-F GACCAACCATGGGTGTTTATGGGa
GFP-NCRL-F GCCGCTCTAGAACTAGTG
Luc-NCRG-R TCGAGGTCGACGGTATCG
GFP-F TCCATGCCATGTGTAATCC
GFP-R CTCTCTACTAGTAATGAGTAAAGGAGAAGa
Luc-F (56) CCGCTGGAGAGCAACTGC
Luc-R (1594) CTTGCGTCGAGTTTTCCGG
16S-F (1321) AGAGAGAATTCGAAACCAAACGAGCTACCa
16S-R (2583) AGAGAGGTACCGTCTCCATTTCTCTTGTCCa
12S-F (96) TCAATGATATCGATTACACATGCAAACATCCa
12S-R (1076) AGAGAGGTACCTGGGTGTAGGCCAGATGCa
ND3-F (9346) GATTAGGTGACACTATAGATTAACCTACC
CATTATCATCACa
ND3-R (9780) CCCCCATGGTTGGTAATTATGATTATTATCATA
P1 CCCGGATCCCGTTTTGTTTAAACTATAa
P2 CATTTTGCTGCCGGTCAGATATCGACTCAT
TAAATTATGa
HSP1/2-R CCTACACCTGAAACTTCAATGC
HSP2-R CTTTACTTGCCTACCCTCAG
aThese oligomers carry additional 50 sequences to facilitate cloning,
reamplification or expression.
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radioactive probe, 50–100 ng of this PCR product was trans-
ferred to a new reaction mixture with the same primer pair and
cold dCTP replaced by 50 mCi of [a-32P]dCTP (3000
Ci/mmol). Following a single cycle with a 10 min elongation,
0.2 mM cold dCTP was added prior to a final 5 min elongation.
A similar protocol was used to generate all radiolabelled
probes, with the primers substituted as required. All unlabelled
probes were generated by a standard 30-cycle PCR amplifica-
tion using the relevant primer pairs as detailed (Table 2). For
single-stranded template production, duplex template was
heated at 958C for 5 min and immediately chilled on ice.
Mitochondrial import assays and manipulations
A standard reaction contained 400 mg (2 mg/ml) mitochon-
drial protein suspended in import buffer (220 mM mannitol,
70 mM sucrose, 20 mM Tris–HCl pH 7.4, 1 mM EDTA,
1 mM EGTA, 10 mM glutamate, 1 mM malate). Import was
initiated with 5–10 ng of 32P-labelled DNA (100–
200 000 c.p.m.) and the reaction maintained at 308C for
80 min under mild shaking. Following addition of 150 mg
DNaseI; 10 mM MgCl2, the incubation was continued for
20 min. Mitochondria were subsequently washed thrice in
l ml IB; 10 mM EDTA/EGTA. Nucleic acids were extracted
from mitochondrial pellets after resuspension in 1 vol of
10 mM Tris–HCl pH 7.5, 0.15 M NaCl, 1 mM EDTA and
1% (w/v) SDS with an equal volume of phenol:chloroform
at 558C for 5 min. Following centrifugation at 20 000g for
10 min, nucleic acids were recovered from the aqueous
phase by ethanol precipitation in 0.3 M NaOAc pH 5.2, fractio-
nated by electrophoresis on a 1% (w/v) agarose gel and trans-
ferred onto a nylon membrane (Hybond N, GE Healthcare) for
phosphorimage analysis followed by autoradiography. In all
cases, the efficiency of total mitochondrial nucleic acids
extraction from each aliquot following import was confirmed
by comparing ethidium bromide staining in each lane.
To produce mitoplasts by osmotic shock after DNA import,
mitochondria were harvested (5 min at 10 000g), resuspended
in 1 ml of 5 mM Tris–HCl pH 7.5 and incubated on ice for the
indicated time periods. Following addition of an equal volume
of 2 IB without BSA, mitoplasts were harvested before resus-
pension in import buffer prior to DNase treatment and nucleic
acid extraction as mentioned earlier. For mock treatment, IB
lacking BSA was used instead of 5 mM Tris–HCl. Equal
volumes of supernatant and resuspended organelles from each
time point were assayed for intermembrane space (adenylate
kinase) and matrix (citrate synthase) enzymatic markers as
described (35). For mitochondrial solubilization, 1% (v/v)
Triton X-100 was added after import and before DNase treat-
ment. To shave mitochondrial outer membrane proteins prior
to import, 20 mg of proteinase K was added to 400 mg mito-
chondrial protein for 30 min at 48C in import buffer and the
reaction terminated by the addition of 1 mM PMSF.
Expression assays for imported DNA templates
To analyse the expression of the imported DNA, 500 ng of
PCR-generated unlabelled DNA template was used in each
import reaction with either 2 mg (RNA synthesis) or 1 mg
(DNA synthesis) mitochondrial protein. To minimize manipu-
lations, all mitochondrial import and expression assays (500 ml
final volume) were performed in base transcription medium
(75 mM mannitol, 25 mM sucrose, 100 mM KCl, 10 mM Tris–
HCl, 10 mM KH2PO4, 0.05 mM EGTA, 10 mM glutamate,
1 mM malate pH 7.4) described in (30). After import, the
medium was supplemented with 10 mM ADP, 10 mM gluta-
mate, 2.5 mM malate, 1 mg/ml BSA, 5 mM MgCl2 and
40 mCi [a-32P]UTP (GE Healthcare 800 Ci/mmol) and contin-
ued for another 3 h at 378C under rotation. DNase (100 mg) was
added for the final 30 min of incubation. Mitochondria were
then harvested and washed twice in 1 ml of 10% (v/v) glycerol,
10 mM Tris–HCl, pH 6.8 and 0.15 mM MgCl2 (30) to remove
unincorporated nucleotides. Nucleic acids were extracted as
described earlier and ethanol precipitated.
For analysis of expressed products, DNA fragments (1 mg)
PCR-amplified from a variety of genes using the primers
detailed in Table 1 were separated by electrophoresis
through a 1% (w/v) agarose gel and membranes prepared by
Southern transfer. Hybridizations were performed at 428C in
minimal amounts of binding buffer [6 SSPE, 50% (v/v)
deionized formamide, 5 Denhardt solution, 0.5% (w/v)
SDS, 100 mg/ml salmon sperm DNA] with the entire nucleic
acid extract for 72 h, followed by two sequential 10 min
washing with 2, 1 and 0.2 SSC; 0.5% (w/v) SDS at
Table 2. DNA constructs used in import experiments
Construct Size (bp) Primers Figure Source
FncrP 1060 SpeI NCR-Fþ NcoI NCR-R 1 pgfp-NCR-luc
Rgfp–FncrP–luc 3644 GFP-NCRL-Fþ Luc-NCRG-R 2 pgfp-NCR-luc
MT–GFP 714 GFP-FþGFP-R 2 pgfp-NCR-luc
Rgfp–FncrP 1934 GFP-NCRL-Fþ NcoI NCR-R 2 pgfp-NCR-luc
MT–LUC 1537 Luc-F (56)þ Luc-R (1594) 4 pgfp-NCR-luc
MT–RNR2 1263 16S-F (1321)þ 16S-R (2583) 5 Rat mtDNA
luc–FncrP–gfpR 3644 GFP-NCRL-Fþ Luc-NCRG-R 5 pluc-NCR-gfp
MT–RNR1 981 12S-F (96)þ 12S-R (1076) 4 Rat mtDNA
MT–ND3 373 ND3-F (9346)þND3-R (9780) 5 Rat mtDNA
Human MT–TR 88–94 P1þ P2 6 Total mito RNA
Rgfp–Fprs 1171 GFP-NCRL-FþHSP1/2-R 7 pgfp-NCR-luc
Rgfp–Fprh2 994 GFP-NCRL-FþHSP2-R 7 pgfp-NCR-luc
FncrP–luc 2770 Spe1 NCR-Fþ Luc-NCRG-R 7 pgfp-NCR-luc
Luc–Fprs 2006 Luc-NCRG-RþHSP1/2-R 7 pluc-NCR-gfp
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room temperature (2) and 428C (1 and 0.2). Membranes
were then exposed to PhosphorImage screen, followed by
autoradiography.
For DNA synthesis, the same procedures were used after
mitochondrial uptake, but the medium was further sup-
plemented with dATP, dGTP and TTP (500 mM each) and
radiolabelled UTP was substituted with 40 mCi [a-32P]dCTP
(3000 Ci/mmol). Import was less efficient in the base tran-
scription medium, but import efficiencies for all experiments
were monitored by extracting nucleic acids from 50 ml
aliquots prior to expression and subjecting the unlabelled
DNA to Southern transfer and hybridization with the relevant
radiolabelled probe.
RNA-circularization assays
Nucleic acids were extracted from mitochondria after using
the Rgfp–FncrP–luc construct in the import-transcription
procedure. DNA was removed by two successive RNase-free
DNase treatments and remaining RNA was ligated with
20 U of T4 RNA ligase (Promega) for 3 h at 378C in the
recommended buffer. Following phenol extraction and pre-
cipitation, circularized RNA was used as a template for
reverse transcription with P1 primer (2 pmol) according to
manufacturer’s instructions.
Two microlitres were then used in a standard 30-cycle PCR
reaction with primers P1 and P2 (Table 1). Following amplifi-
cation, the products were analysed on 4% (w/v) agarose gel
(NuSieve GTG, Cambrex), DNA fragments corresponding to
single and double copies of amplified cDNA were eluted by
melting at 708C and following phenol/chloroform extraction,
cloned directly into pGEM-T Easy (Promega). Resultant
plasmids were sequenced using M13-For universal primer.
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